This study investigated the removal of micropollutants using polyurethane sponge as attached-growth carrier. Batch experiments demonstrated that micropollutants could adsorb to non-acclimatized sponge cubes to varying extents. Acclimatized sponge showed significantly enhanced removal of some less hydrophobic compounds (logD < 2.5), such as ibuprofen, acetaminophen, naproxen, and estriol, as compared with nonacclimatized sponge. The results for bench-scale sponge-based moving bed bioreactor (MBBR) system elucidated compound-specific variation in removal, ranging from 25.9% (carbamazepine) to 96.8% (bEstradiol 17-acetate) on average. In the MBBR system, biodegradation served as a major removal pathway for most compounds. However, sorption to sludge phase was also a notable removal mechanism of some persistent micropollutants. Particularly, carbamazepine, ketoprofen and pentachlorophenol were found at high concentrations (7.87, 6.05 and 5.55 lg/g, respectively) on suspended biosolids. As a whole, the effectiveness of MBBR for micropollutant removal was comparable with those of activated sludge processes and MBRs. 
Introduction
Micropollutants have been identified as an emerging group of contaminants which are frequently detected in the aquatic environment (Huerta-Fontela et al., 2011; Luo et al., 2014). They originate mainly from mass produced consumables used for medical care (pharmaceuticals), hygienic or cosmetic reasons (personal care products, PCPs), plant/crop protection (pesticides), and enhancement of the physical properties and performance of products (industrial chemicals). In addition, some micropollutants (e.g., steroid hormones) are of natural origin. The concentrations of micropollutants in raw sewage commonly range from a few ng/L to several µg/L, which essentially distinguish them from traditional contaminants (organic matter, nitrogen and phosphorus). Despite the low concentrations, micropollutants have been associated with a number of negative effects, such as toxicity and endocrine disrupting effects on aquatic organisms and antibiotic resistance of microorganisms (Baquero et al., 2008; Fent et al., 2006) . As promising alternatives to suspended-growth activated sludge processes, attached-growth processes are effective techniques for wastewater treatment, as they offer a number of advantages over activated sludge processes. One major advantage is that attached-growth processes facilitate the growth of slow-growing microorganisms, which are important for the removal of some micropollutants (Falås et Apart from the plastic biofilm carriers mentioned above, polyurethane sponge can also be considered as an ideal material for attached-growth microorganisms. Previous studies have proved the suitability of sponge-based MBBRs in removing organic matter, nitrogen and phosphorus (Chu et al., 2011; Ngo et al., 2008) . However, to date, no effort has been directed towards investigating micropollutant removal by MBBR using sponge as attached-growth carrier. Therefore, this study aims to investigate the effectiveness of a sponge-based MBBR for removing five groups of micropollutants.
Batch experiments using non-acclimatized and acclimatized sponge were conducted initially to evaluate short-term removal rates of the selected micropollutants.
Subsequently, a continuous bench-scale MBBR was set up for a long-term assessment of micropollutant removal. The mass balance for each compound was also calculated to provide insight into its fate in the MBBR system.
Methods

Synthetic wastewater and sponge
A synthetic wastewater (simulating medium strength municipal wastewater primary effluent) spiked with micropollutants was used in this study. initially examined. With the fixed aeration rate, unsatisfactory and non-uniform carrier circulation was observed at 30% filling ratio; therefore this ratio was excluded in subsequent investigations. Samples for micropollutant (300 mL), TOC (30 mL) and nutrient (30 mL) analyses were collected from the tanks at 0, 2, 6, 12 and 24 h during the 24-hour batch test. When the water sample was withdrawn from the tank, a corresponding quantity of sponge cubes were taken out simultaneously to maintain the initial filling ratios (10% or 20%). 
MBBR system
Analytical methods
TOC of the influent and effluent was measured using a TOC analyzer Oasis ® HLB 6 cc cartridges were used for SPE of micropollutants from aqueous samples. After SPE, the micropollutants were eluted from the cartridges. The eluents were evaporated to dryness. The dry residues in the vials were derivatised, cooled to room temperature and subjected to GC-MS analysis using a Shimadzu GC-MS (QP5000) system. Details of sample preparation and GC-MS operation were described by Nguyen et al. (2012). Table 1 shows the variations of compound concentrations in the tanks with no sponge (blank experiment), non-acclimatized sponge (10% or 20%) and acclimatized sponge (10% or 20%) during the 24-h operation time. No or negligible micropollutant removals were observed during the blank experiment, indicating air stripping and photolysis did not contribute significantly to the elimination of micropollutants.
Results and Discussion
Batch experiments
Table 1
With non-acclimatized sponge (control experiments), biodegradation of micropollutants was not expected to occur due to the absence of biomass on the sponge.
Hence, sorption was the major removal pathway for these compounds. Unlike other plastic attached-growth carriers, which showed no sorption capacity for micropollutants (Falås et al., 2012) , the results from experiments with non-acclimatized sponge revealed that sponge was able to adsorb, to varying extents, most of the studied micropollutants.
This could be due to the presence of polar and non-polar functional groups in the structure of sponge material (Baldez et al., 2008) . Moreover, the sorption of micropollutants onto sponge occurred promptly and reached the equilibrium within 2
hours. In the case of acclimatized sponge, the presence of attached biosolids (0.25 gMLSS/g sponge) resulted in biodegradation of micropollutants as well as sorption of these compounds onto biosolids. According to Falås et al. (2012) , sorption onto biosolids is a rapid process and can reach equilibrium within 30 min for many micropollutants.
As shown in Table 1 , bisphenol A, etrone, 17-β-estradiol, 17-α ethinylestradiol, 4-n-nonylphenol, 4-tert-octylphenol and triclosan were considerably eliminated (>80%) during the first two hours in the experiments with either non-acclimatized sponge or acclimatized sponge, which indicates sorption played a significant role in the removal of these compounds. Acetaminophen, diclofenac, gemfibrozil, ibuprofen, ketoprofen, naproxen and salicylic acid were hardly removed (mostly < 20%) with non-acclimatized sponge but showed markedly improved reduction when acclimatized sponge was used.
The large removal disparity between the use of non-acclimatized and acclimatized sponge might be attributed to two aspects, namely sorption onto biosolids on the sponge and biodegradation. The contribution of sorption onto biosolids could be estimated with the help of solid-water distribution coefficient (log D, as shown in supplementary data Table S1 ). Joss et al. (2005) reported that for compounds having a log D < 2.5, the sorption onto secondary sludge can be considered insignificant. As all the above mentioned compounds have log D values less than 2.5, their sorption onto biosolids could be deemed negligible. Hence, the removal of these compounds mainly resulted from biodegradation, while sorption (onto sponge and biosolids) was of fairly limited importance. Carbamazepine, fenprop, and metronidazole were poorly eliminated (mostly < 30%) in both cases. The results suggested that these compounds were resistant to biodegradation and sorption during the experiments.
In addition, filling ratio played an insignificant role in removing most micropollutants during the experiments with non-acclimatized sponge, indicating that the amount of sponge was not a limiting factor (i.e. sponge was in excessive amounts)
for sorption of these micropollutants. However, the elimination of some compounds was enhanced by increasing the filling ratio of acclimatized sponge. 
Removal of the selected micropollutants
The removal efficiencies of the micropollutants are presented in Fig. 2 . Among the pharmaceuticals, apparent variation in removals was observed. As the pharmaceuticals generally displayed low hydrophobicity (log D < 2.5), biodegradation (rather than sorption) was the major removal pathway of these compounds. Four of the studied PPCPs were efficiently eliminated (>80%): these were ibuprofen (93.7%), salicylic acid (91.1%), primidone (83.5%) and naproxen (81.1%). The high removal efficiency could be ascribed to the inclusion of strong electron donating (readily biodegradable) functional groups (e.g., -OH) in these compounds. Ketoprofen, In the case of estrogenic hormones, the removal was consistently high (>85%), which could be attributed to the high hydrophobicity (log D > 3.2) of these compounds 
Fate of micropollutants during the MBBR treatment and application of mass balance
During the MBBR treatment, the micropollutants might be subjected to biodegradation, sorption and air stripping. Air stripping depends on the volatility and hydrophobicity of micropollutants (Cirja et al., 2008 However, given the high hydrophobicity of these two compounds, removal by air stripping can also be considered to be insignificant for them. Therefore, it was assumed that the micropollutant removal only resulted from sorption and biological degradation. after sorption to biosolids, the recalcitrant compounds were resistant to further biodegradation and therefore remained attached to the solids.
Fig. 3.
Hydrophobicity is another influential factor for micropollutant sorption. However, in this study, no evident correlation was found between compound hydrophobicity and its concentration on biosolids. Except for triclosan and 4-tert-octylphenol, most hydrophobic compounds were found at insignificant amounts on biosolids, possibly because of their higher biodegradability (Section 3.2). Additionally, Fig. 3 showed that suspended biosolids had higher accumulation of micropollutants than attached biosolids.
Thus, the attached biosolids appears to possess better biodegradation capacity, possibly due to more diverse microbial community and the existence of different sludge characteristics on and inside the sponge carrier. Further studies are, however, required to substantiate this hypothesis.
To gain a better understanding of micropollutant removal in the MBBR system, a mass balance calculation was carried out over a period of 30 days (from day 70 to day 100), taking into consideration the sorption and biodegradation of micropollutants.
Micropollutant sorption was quantified based on the production of new biosolids, which was presumably responsible for the adsorptive removal of the compounds (Joss et al., 2005) . In the MBBR, the production of new biosolids can be divided into two parts: one is the suspended biosolids which are continuously washed out and the other one is attached biosolids that are retained in the MBBR. Therefore, the load of compound removed via sorption can be calculated as follows:
where L sol is the load of micropollutant removed via sorption over the 30 days (ng), Q is the flow rate of the MBBR (L/day), T is the duration of the study period (day), MLSS is mixed liquor suspended biosolids concentration (g/L), C s, s is the concentration of micropollutant on the suspended biosolids (µg/g), ΔSS is the increased amount of attached biosolids over the study period (g), and C s, a is the concentration of micropollutant on the attached biosolids (µg/g).
The load of micropollutant removed via biological degradation was determined by calculating the difference of the reduction of micropollutant load (L inf -L eff , ng) and the load of sorbed micropollutant (Eq. 2).
where C w, inf and C w, eff are the average influent and effluent concentrations of micropollutants over the study period.
The average biosolids concentration in suspension during the 30-day period was 0.15 g/L. The initial and final attached biosolids concentrations were 0.37 and 0.43 gMLSS/g sponge, respectively. The total mass of sponge in the MBBR was 232 g, which was estimated by multiplying the total volume (8 L) of sponge by the density (29 g/L). Hence, the production of attached biosolids was 13.9 g. The calculated percentages of the micropollutant loads which were released from MBBR, sorbed to sludge and biodegraded were presented in Fig. 4 . As shown in the figure, biodegradation served as the major removal pathway for most micropollutants. Even for some highly hydrophobic compounds, such as 4-tert-octylphenol, 4-n-nonylphenol, triclosan, β-Estradiol 17-acetate, sorption accounted for minor removals (<0.1 % to 5.5 %). The results are generally in good agreement with those obtained from an MBR, except that 50% the overall loading of triclosan accumulated onto the suspended biosolids of the MBR (Wijekoon et al., 2013) . However, sorption was still significant for some persistent compounds (e.g., carbamazepine, diclofenac and fenoprop). In particular, despite the low hydrophobicity (log D=1.89), carbamazepine experienced similar degrees of biodegradations (16.5%) and sorption (15.1%) from day 70 to day 100. It is noteworthy that the sorption by acclimatized sponge played a significant role in the batch experiments (Table 1) , while the continuous MBBR experiment showed a limited contribution from sorption (Fig. 4 ). This could be explained by the facts that 1)
sorption is a more rapid process than biodegradation, thus sorption might act as an important removal mechanism within the short-term batch experiments; and 2) in the long-term experiment, the acclimatized sponge remained fully occupied by biomass over time, and the reduced sorption site resulted in the limited sorption efficiency. Table 2 
Comparison between the MBBR and other treatment technologies for micropollutant removal
